1. INTRODUCTION {#sec1}
===============

The pharmacotherapy of schizophrenia has basically not changed in more than sixty years and the treatment of the disease remains challenging. Pharmacological interventions are representing the main treatment option, nevertheless, high relapse rates and chronic manifestations hinder effective treatment \[[@r1]\]. To date, antipsychotic drugs remain the only approved pharmacological treatment \[[@r2]\]. Despite their classification as typical and atypical drugs or allocation to different generations, all target the dopamine system \[[@r3]\]. Attenuation of this system allows the treatment of positive symptoms like hallucinations or delusions with a satisfactory clinical benefit. This treatment effect is thought to be based on antagonistic effects at dopamine receptors in brain regions showing excessive dopaminergic neurotransmission \[[@r4]\]. Nevertheless, the positive symptoms of one-third of patients with schizophrenia do not respond to antipsychotic medication \[[@r1]\].

Moreover, the impact of the treatment with dopamine antagonists on negative and cognitive symptoms is negligible in most cases \[[@r2]\]. This emphasizes the need for developing new pharmacological agents, preferably targeting other neurotransmitter systems. One system of particular interest is the glutamate system, implicated to be significantly involved in the pathogenesis of schizophrenia \[[@r2]\].

The glutamate hypothesis of schizophrenia is based on findings of increased symptom severity in patients with schizophrenia and the emergence of schizophrenia-like positive and negative symptoms in healthy subjects evoked by N-methyl-D-aspartate glutamate receptor (NMDAR) antagonists \[[@r5], [@r6]\]. It is further substantiated by findings of an impaired expression of NMDAR-related genes in schizophrenia patients possibly resulting in NMDAR hypofunction \[[@r7]\]. It is suggested that NMDARs are also crucially involved in the excitation of fast-spiking parvalbumin-positive gamma-aminobutyric acid (GABA) interneurons. Thus, an NMDAR hypofunction might result in a reduced excitation of GABAergic interneurons and, subsequently, in a disinhibition of pyramidal cells \[[@r8]\].

Based on the glutamate hypothesis of schizophrenia, several promising drugs targeting the glutamate system were developed, *e.g*. bitopertin \[[@r9]\], a glycine transporter-1 (GlyT-1) inhibitor, or LY2140023 \[[@r10]\], a positive allosteric modulator of group II metabotropic glutamate receptors \[[@r11], [@r12]\]. Despite promising pre-clinical studies, all candidates have failed to reach the clinic so far.

Pharmacological models of schizophrenia, such as drug-induced psychosis-like states, could facilitate drug research and development by providing a way to ascertain functional target engagement and the ability to prioritize candidate drugs \[[@r13]\]. Antagonists of glutamatergic neurotransmission such as ketamine are promising substances for this approach.

In the late 1950's, phencyclidine (PCP), a general anesthetic acting as an antagonist of the NMDAR, has been observed to induce schizophrenia-like symptoms \[[@r5]\]. Subsequently, ketamine, a derivative of PCP, was demonstrated to elicit comparable symptoms while offering an improved safety profile \[[@r6]\]. In addition, ketamine worsened positive, negative as well as cognitive symptoms in unmedicated patients with schizophrenia \[[@r14], [@r15]\].

The ketamine-induced schizophrenia-like behavioral and psychopathological changes in healthy subjects were accompanied by altered electro- (EEG) and magnetoencephalographic (MEG) biomarkers (*e.g*. "Mismatch Negativity" (MMN) and the N100 component of the auditory evoked potential), reminiscent of findings observed in patients with schizophrenia \[[@r13]\].

At the molecular level, ketamine has been shown to impact the dopamine-glutamate interplay in the postsynaptic density of glutamatergic excitatory synapses \[[@r16]\]. Recently, treatment strategies modulating glutamatergic neurotransmission have also been implemented in the therapy of mood disorders \[[@r17], [@r18]\].

In order to assess the effects of promising candidate drugs for new treatment strategies in schizophrenia, there is an urgent need to identify further biomarkers found to be altered both in patients with schizophrenia and in pharmacological models of the disease such as the ketamine model of schizophrenia. This might offer the opportunity to assess the effects of preclinical/clinical drugs on ketamine-induced pathological changes of such biomarkers to identify candidate drugs for the treatment of schizophrenia.

Recent reviews focused on the interspecies applicability of neurophysiological biomarkers elicited by ketamine \[[@r19]\] as well as on the results of ketamine challenges supporting the glutamate hypothesis of schizophrenia \[[@r20]\]. However, pharmacological interventions in the ketamine model have not been reviewed to date.

Therefore, we aim to review results of EEG, MEG and functional magnetic resonance imaging (fMRI) studies using the ketamine model of schizophrenia in order to survey and integrate the literature on possible biomarkers in the ketamine model and the effect of pharmacological interventions thereon. This systematic review includes ketamine studies with healthy human subjects published within the past decade. The objective is to identify potential biomarkers in the ketamine model and compare the findings on the respective biomarkers in patients with schizophrenia. Further, we evaluate the effect of different pharmacological interventions on different biomarkers in the ketamine model to evaluate its applicability. The first section of this review comprises resting state (RS) studies, followed by a section on task-specific activations. The last section focuses on different pharmacological interventions in the ketamine model of schizophrenia and their effect on ketamine-induced alterations of schizophrenia neuroimaging biomarkers.

2. Methods {#sec2}
==========

The review includes experimental studies that fulfilled the following criteria: (i) inclusion of healthy human subjects (ii) treatment with sub-anesthetic doses of ketamine (either racemic or esketamine) (iii) reporting of either EEG/MEG or fMRI results (iv) publication between January 2006 and July 2017 in a peer-reviewed journal. We excluded all studies that did not report their results in English.

The PubMed/Medline and Web of Science search was conducted using the keywords 'ketamine' in combination with 'EEG' or 'MEG' or 'fMRI' using the filter 'humans'. The initial search yielded 448 results (Fig. **[1](#F1){ref-type="fig"}**). After removing duplicates, 208 studies remained. The screening of the titles and abstracts for eligibility led to 55 articles that were reviewed in full text of which we had to exclude 10 for the following reasons: acquisition of neuroimages without ketamine challenge (n=3); exposure of major depressive disorder (MDD) patients to ketamine (n=3); applying of pain stimuli during neuroimaging (n=2); use of an aesthetic ketamine dose (n=1); methodological paper (n=1); structural neuroimaging (n=1), This led to the inclusion of 45 articles. In addition, we included one article \[[@r21]\] that met our inclusion criteria and was used as a reference in another included article.

3. Results {#sec3}
==========

3.1. Resting State {#sec3.1}
------------------

The brain's resting state (RS) is defined as the baseline brain activity in resting wakefulness and the absence of stimulus- or task-evoked brain activation. In patients with schizophrenia increased high-frequency oscillatory neuronal RS activity (reduced signal-to-noise ratio) \[[@r22]\] and reduced RS functional connectivity strength accompanied by increases in the heterogeneity of the underlying functional connections were found \[[@r23]\]. It is suggested that these observations reflect cortical and hippocampal dysfunctions as well as less strongly integrated functional connectivity in schizophrenia \[[@r22], [@r23]\].

### 3.1.1. EEG and MEG {#sec3.1.1}

EEG and MEG are non-invasive neuroimaging techniques that rely on voltage fluctuations, elicited by summation of postsynaptic potentials. The examination of the electrical activity of the brain or the emerging magnetic fields, respectively, allows for a high temporal resolution. Both techniques enable the analysis of oscillatory neuronal activity in different frequency ranges (delta \[0-4 Hz\], theta \[[@r4]-8 Hz\], alpha \[[@r8]-13 Hz\], beta \[[@r13]-30 Hz\] and gamma \[above 30 Hz\]). There is now increasing and converging evidence from anatomical, physiological and electrophysiological studies suggesting that biological mechanisms that are disturbed in schizophrenia including glutamatergic and GABAergic transmission are directly linked to the generation of neural oscillations \[[@r8]\].

A recent RS MEG study \[[@r24]\] demonstrated that ketamine compared to placebo increases parietal and cingulate gamma-band and medial prefrontal theta-band source power, whereas anterior cingulate, occipital and parietal alpha-band source power was reduced. Additionally, analysis of effective connectivity - investigating directed interactions between different brain areas \[[@r25]\] - demonstrated reduced frontoparietal effective connectivity under ketamine administration. Several models were applied to explain the observed effect. Dynamic causal modelling (DCM) revealed a best fitting model involving reciprocal connections between the precuneus and the prefrontal cortex. In DCM, estimations of effective connectivity between neuronal ensembles in linked brain regions and the alterations of effective connectivity under the application of pharmacological agents are based on biophysical models that are fit to empirical data \[[@r26], [@r27]\]. Further analyses using this model indicated a ketamine-induced modulation of NMDA- and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-mediated backward connectivity. Functional connectivity analysis is based on correlation or coherence of activation in different brain regions \[[@r25]\]. Applying this technique significant alterations in visual parietal and motor networks under ketamine were observed \[[@r24]\].

Rivolta *et al.* \[[@r28]\] reported an increase in frontal, parietal and temporal gamma-band power under ketamine administration compared to placebo in a single-blind RS investigation. Gamma-band sources were found in various cortical (frontal and temporal cortex) and subcortical regions (thalamus and hippocampus). In addition, the increase of gamma power in the right hippocampus correlated negatively with the Positive symptom subscale of the Positive and Negative Syndrome Scale (PANSS). In contrast, central beta-band (13-30 Hz) power was reduced for various sources. Regarding functional connectivity, an increased coupling in a thalamocortical network was observed \[[@r28]\]. Sanacora *et al.* \[[@r29]\] also demonstrated ketamine-induced increases in RS gamma-band power in a double-blind, placebo-controlled study. In addition, the alpha-wave index (a vigilance-indicative) and theta-cordance (an EEG measure linked to brain perfusion) were decreased. In this study lanicemine, a highly selective NMDA-antagonist, induced increases in gamma-band power without producing significant dissociative symptoms \[[@r29]\]. Theta-cordance reduction under ketamine in comparison to placebo was also reported by another study in prefrontal regions, whereas central regions indicated increased theta-cordance \[[@r30]\]. In a recent randomized, placebo-controlled, double-blind RS EEG-study de la Salle *et al*. \[[@r31]\] found widespread reductions of activity in scalp surface delta and alpha oscillations measured by means of current source density (CSD) under the influence of ketamine compared to placebo. Theta CSD was only reduced in posterior regions, whereas gamma CSD showed an overall increase (no effect on beta CSD). These findings were accompanied by frequency-specific CSD alterations within hubs of the default mode network (DMN) (ventromedial prefrontal cortex \[vmPFC\] and posterior cingulate cortex \[PCC\]), the Central Execution Network (CEN) (posterior parietal cortex \[PPC\]) and the Salience Network (SN) (anterior cingulate cortex \[ACC\] and anterior insula). The amount of alpha activity was negatively correlated with the severity of ketamine-induced symptoms \[[@r31]\]. The authors suggest their findings on gamma oscillations to be reminiscent of EEG alterations in schizophrenia and to be based on NMDAR hypofunction. Specifically, inhibition of GABAergic, parvalbumin-positive interneurons and subsequent disinhibition of pyramidal neurons is suggested to be the underlying mechanism of increased RS gamma oscillations following acute ketamine application. The authors discuss this phenomenon in terms of increased "background noise" resulting in a decreased signal-to-noise ratio and, therefore, hindering the ability to estimate the relevance of certain information, which is also known as a common symptom in the early stages of schizophrenia \[[@r28], [@r29], [@r31]\]. Furthermore, the authors discuss their results in light of the three-network model of schizophrenia, which suggests a disparity of the normally anti-correlated DMN and CEN, possibly arising from abnormalities in the nodes of the SN, such as the ACC. This disparity could lead to core symptoms of schizophrenia by diminishing the boundaries of internal and external mental contents \[[@r31]\].

In summary, findings of increased gamma band and reduced alpha band power were consistent in the reviewed RS studies. In line with this, patients with schizophrenia demonstrate increased RS gamma-activity \[[@r22]\] and reduced RS alpha-band power \[[@r32]\]. Notably, an increase in resting state gamma band power has been shown to be positively correlated with positive symptom severity in schizophrenia patients \[[@r33], [@r34]\].

### 3.1.2. fMRI {#sec3.1.2}

fMRI is a neuroimaging technique for measuring brain activity *via* changes in local blood-oxygenation levels. Increases of the blood-oxygen-level-dependent (bold) response resemble an activation of the respective brain regions.

Compared to placebo, Hoflich *et al.* \[[@r35]\] observed ketamine-induced bold increases in the dorsal ACC, the midcingulate cortex (MCC), the bilateral thalamus and insula, as well as temporal and frontal regions in a randomized, double-blind RS study. The ketamine-induced activation in the right insula correlated positively with the 5-Dimensional Altered States of Consciousness Rating Scale (5D-ASC) subscales anxious ego-dissolution and auditory alterations. Concurrently, decreased activation was observed in a cluster extending from the gyrus rectus into the subgenual anterior cingulate cortex (sgACC) and orbifrontal cortex (OFC) \[[@r35]\]. In line with these findings, cerebral blood flow (CBF) was increased in the right ACC and right vmPFC under a low ketamine dose (target plasma level: 50-75ng/ml) in an investigation assessing the CBF by arterial spin labeling (ASL) \[[@r36]\]. The observed increases in CBF seemed to be dose-dependent since in the high-dose (target plasma level: 150ng/ml) condition significant increases in CBF were restricted to the subgenual part of the right ACC. Decreases of CBF were revealed in the left retrosubicular hippocampal area for the low ketamine dose. In the high-dose condition decreases reached significance in the right superior temporal cortex. Furthermore, changes of CBF in areas associated with sensory processing correlated with perceptual abnormalities. In contrast, a different study \[[@r37]\] demonstrated a decreased bold response in the sgACC after ketamine administration compared to a baseline scan. Increased activation was observed in multiple brain regions comprising the cingulate gyrus, hippocampus, insula, thalamus and midbrain. bold response in the paracentral lobe correlated positively with Psychotomimetic Scales Inventory (PSI) \[[@r38]\] subscales Perceptual Distortion and Delusional Thinking \[[@r37]\]. De Simoni *et al.* \[[@r39]\] reported a vast midline activation under the influence of ketamine during the RS comprising *e.g*. the anterior and posterior cingulate cortex, precuneus, bilateral thalamus and anterior insula. Conversely, decreased activation was shown for the sgACC. For these ketamine-induced changes a robust test-retest reliability was reported \[[@r39]\]. These studies identify the ACC (dorsal and subgenual) as a key structure for ketamine-induced changes in perception. The authors discuss the heterogenous findings in light of the different temporal dynamics of the bold contrast and ASL \[[@r35]-[@r37]\]. Utilizing the bold contrast, it is possible to measure changes in activation immediately after the initiation of a ketamine-infusion whereas ASL allows the measurement of steady-state activation \[[@r36], [@r37]\]. Thus, it could be hypothesized that ketamine induces transitory reduced activation in the sgACC shortly after infusion. Notably, hyper- as well as hypo-connectivity in ACC networks has also been reported for first-episode schizophrenia patients linking ACC dysfunction with schizophrenia symptoms \[[@r40]\].

Focusing on the sgACC, Wong *et al.* \[[@r41]\] observed a reduced connectivity of this region with a large brain region spanning across the hippocampus, the retrosplenial cortex (RSC) and the thalamus following ketamine administration. A negative correlation was found between ketamine-induced schizophrenia-like symptoms (PANSS general score) and sgACC connectivity with the medial prefrontal cortex as well as the subcallosal gyrus \[[@r41]\]. Complementarily, another double-blind, placebo-controlled study demonstrated increased coupling between the left and right dorsolateral prefrontal cortex (DLPFC) and the left hippocampus after administration of ketamine in comparison to placebo \[[@r42]\].

Moreover, ketamine has been shown to increase thalamus connectivity with a bilateral cluster spanning from the parietal lobule towards the temporal cortex \[[@r43]\]. This double-blind, placebo-controlled study also revealed a ketamine-induced increased functional connectivity for two cortico-thalamic pathways, namely between the somatosensory cortex and ventrolateral thalamus and between temporal cortex and the mediodorsal, anteroventral and anterolateral areas of the thalamus \[[@r43]\].

Compared to placebo in a randomized, single-blind, seed-based investigation, ketamine also increased striatal functional connectivity in two networks connecting (1) the dorsal caudate, the thalamic region and the midbrain and (2) connecting the ventral striatum with the left anterior and vmPFC \[[@r44]\]. These increases in functional connectivity correlated with ketamine-induced psychotic and dissociative symptoms. \[[@r44]\].

Following administration of ketamine, an increased overall functional connectivity, assessed as Global based connectivity (GBC), compared to placebo was shown by Driesen *et al.* \[[@r45]\]. These findings were accompanied by a negative correlation between negative symptoms assessed by terms of the PANSS and an increase of region-specific GBC in the medial and dorsal anterior striatum as well as the thalamus. Furthermore, a positive correlation between the PANSS positive subscale and the region-specific GBC increase was detected. These effects were most prominent for the right insula, the right planum temporale, the bilateral pulvinar nuclei, the left lingual gyrus and the anterior cerebellar vermis \[[@r45]\].

In line with prior findings, Khalili-Mahani *et al.* \[[@r46]\] revealed a reduced CBF in the right hippocampus, bilateral putamen and sensorimotor areas, the medial visual cortex and cerebellum after ketamine administration in a single-blind, placebo-controlled RS investigation. Increases in CBF were demonstrated for the medial as well as the dorsolateral prefrontal cortex. Regarding hippocampal functional connectivity, emerging connectivities under ketamine were found between the hippocampal head and the insula as well as the medial visual and posterior parietal cortex. Hyper-connectivity under ketamine was most prominently detected for a network containing the cingulate cortex and the hippocampal head. Further increases in functional connectivity were demonstrated from the hippocampus body to the premotor and the lateral visual cortex as well as the superior precuneus \[[@r46]\]. Contrary to these findings of increased hippocampal connectivity under ketamine, Kraguljac *et al.* \[[@r47]\] reported a ketamine-induced decrease of hippocampal functional connectivity with a frontal cluster involving the ACC, MCC and medial prefrontal cortex and a large temporo-parietal cluster in a placebo-controlled study. Regarding the frontal cluster, the authors found a negative correlation between hippocampus connectivity and hippocampal glutamate and glutamine (Glx) levels under ketamine in terms of magnetic resonance spectroscopy (MRS) \[[@r47]\]. The authors link the hyperglutamatergic hippocampal state with hippocampal-frontal connectivity, suggesting a crucial role of NMDA-mediated transmission in this region. On the other hand, aberrant thalamo-/striatal-hippocampal connectivity as found in patients with schizophrenia could not be replicated, possibly due to the major involvement of the dopaminergic system \[[@r47]\].

To summarize, most of the RS studies consistently reported a ketamine-induced activation of the dorsal part of the ACC, while the subgenual part of the ACC seems to be deactivated by ketamine. Most of the studies discuss these findings as a possible link between schizophrenia symptomatology and aberrant ACC function. Focusing on subcortical structures, the insula mostly showed an increased activity under ketamine administration while regarding other regions such as the thalamus and the hippocampus inconsistent results have been reported.

Most fMRI studies investigating functional connectivity during the brain's RS demonstrated an increase of connectivity under ketamine administration, while all studies revealed functional connectivity alterations. Notably, alterations in functional connectivity are also observed in patients with schizophrenia \[[@r23], [@r48]-[@r50]\]. The alterations of connectivity patterns have mainly been interpreted with respect to activation shifts between the DMN and CEN \[[@r23], [@r48]\]. Generally, the thalamus and striatal regions seem to show a ketamine-induced increase of RS connectivity with several other brain regions, whereas for ketamine-induced changes of the hippocampal connectivity inconsistent results have been reported. These inconsistencies correspond to the heterogeneity of findings on a disturbed hippocampus connectivity in patients with schizophrenia \[[@r51]\].

3.2. Task-specific Activation {#sec3.2}
-----------------------------

### 3.2.1. EEG and MEG {#sec3.2.1}

The Mismatch Negativity (MMN) is an event-related potential (ERP) generated by deviant sensory stimuli after a succession of identical standard stimuli. The deviant stimuli differ from standard stimuli with respect to physical features such as duration or intensity in case of auditory stimuli. Thus, a largely accepted theory of the MMN suggests that the MMN reflects the alignment of the current stimulus with a memory trace of the preceding stimuli. Mainly two prominent cortical generators have been shown to account for the MMN. A generator of the early MMN (110-160ms) has been suggested to be located in the primary auditory cortex (PAC), while the generator of the late MMN (160-210ms) has been localized within the prefrontal cortex \[[@r52]\].

In a double-blind, placebo-controlled EEG ketamine study, Schmidt *et al.* \[[@r53]\] used a roving auditory oddball paradigm to elicit the MMN. A sequence of sinusoidal tones of the same frequency was followed by a sequence of tones of a different frequency. The first stimulus of each train represents the frequency deviant stimulus. This procedure revealed an increase of MMN amplitudes with an increasing length of the pre-deviant sequence. This finding is referred to as "MMN memory trace effect" and was most pronounced over the frontal electrodes. The authors report that ketamine reduced the MMN amplitude and disrupted the MMN memory trace effect over the frontal electrodes. Moreover, a positive correlation between the baseline MMN slope and the impaired control and cognition subscale of the ASC-R under ketamine was demonstrated \[[@r53]\]. Using a model-based analysis approach Schmidt *et al.* \[[@r54]\] applied dynamic causal modelling and Bayesian model selection (BMS) on EEG scalp data. These models focused on assumed MMN generators within the bilateral primary auditory cortex and superior temporal gyrus for the early MMN time frame and within the right inferior frontal gyrus for the late MMN. The best fitting model incorporated adaptation in the primary auditory cortices as well as short-term synaptic plasticity in the forward and backward hierarchic auditory connections. In the selected model short-term plasticity but not the adaption was affected by ketamine. The only connection that was altered by ketamine was found in the forward connection from the left primary auditory cortex to the superior temporal gyrus. Furthermore, a negative correlation between the effects on short-term plasticity under ketamine compared to placebo and control and cognition ratings in the subscale of the ASC-R was demonstrated for this connection \[[@r54]\]. In line with these findings, Heekeren *et al.* \[[@r55]\] also reported a reduction of the auditory MMN amplitude under the influence of ketamine compared to baseline using a double-blind study design. This reduction of the MMN was due to reduced activity in a priori defined sources: the bilateral superior temporal lobes for the early MMN time frame and the right inferior temporal gyrus as well as the anterior cingulate gyrus for the late MMN time frame \[[@r55]\]. In another randomized, placebo-controlled, single-blind EEG-study, Thiebes *et al.* \[[@r56]\] demonstrated comparable results. Ketamine decreased the auditory MMN amplitude for duration as well as frequency deviants. The extent of ketamine-induced schizophrenia-like negative symptoms predicted the MMN amplitude in the ketamine condition. A MMN source localization approach revealed reduced activity within the STG (whole MMN interval), the PAC (early MMN) and the middle frontal and posterior cingulate gyrus (late MMN) \[[@r56]\].

The P300 component of ERPs is a large positive deflection typically found around 300ms after the presentation of an auditory or visual target-stimulus. It is thought to be elicited by processes of decision making or categorizing as a novel (P3a) or target (P3b) stimuli \[[@r57]\].

In a double-blind, placebo-controlled visual oddball study Watson *et al.* \[[@r58]\] revealed ketamine-induced reductions of the P3a and the P3b amplitude at parietal electrode sites \[[@r58]\]. Musso *et al.* \[[@r59]\] also investigated the ketamine effect on the P300 component in a visual oddball task in a randomized, double-blind, placebo-controlled combined EEG and fMRI study. As expected, a reduction of the P300 amplitude was demonstrated after the application of ketamine. Suggested generators of the P300 (current density maxima) were mainly located in the parietooccipital cortex with extensions to medial frontal brain regions \[[@r59]\].

A passive auditory sensory-gating paradigm was used by Boeijinga *et al.* \[[@r60]\] to assess ketamine effects on the prepulse inhibition in a double-blind, placebo-controlled combined EEG and MEG study. The prepulse inhibition is thought to reflect the processing of sensory information and is disrupted in schizophrenia. In this study, the signal of interest was defined as ∆M100, the difference between M100 with and without a prestimulus click (interstimulus intervals of 100ms or 500ms). A ∆M100 disruption in the bilateral temporoparietal scalp regions was only found after the administration of a high ketamine dose (bolus: 0.27mg/kg, maintenance infusion: 0.135mg/kg/h) and only appeared after the short 100ms inter click-pulse interval. In the EEG ∆N100, as EEG equivalent to the ∆M100, was reduced by ketamine predominantly in left posterior temporal and parietal regions. Furthermore, a weak positive correlation between ∆N100 in the left temporal region and the BPRS rating was revealed \[[@r60]\]. Focusing on the N100 component, Kort *et al.* investigated ketamine-induced alterations of the N100-suppression during vocalization, a putative measure of auditory predictive coding \[[@r61]\]. Ketamine attenuated N00-suppression during vocalization without affecting N100 amplitudes during listening. Notably, the degree of the N100-suppression under ketamine correlated positively with dissociative symptoms. These results paralleled the disturbances of predictive coding in schizophrenia as seen in the second set of experiments \[[@r61]\].

Gamma oscillations are generated by the synchronized inhibition of pyramidal cells by parvalbumin-positive, gamma-aminobutyric acid (GABA) interneurons and are thought to play a crucial role in cognitive and perceptual functions \[[@r62]\]. The attenuated task-evoked gamma-band response has been demonstrated across all stages of schizophrenia \[[@r63]-[@r66]\] and is suggested to constitute a pathomechanism of cognitive dysfunction in schizophrenia \[[@r67], [@r68]\]. Notably, a recent study demonstrated a relationship between increased interhemispheric gamma-band connectivity and the emergence of auditory verbal distortions and hallucinations under ketamine \[[@r69]\]. Using a visuomotor paradigm in a single-blind, placebo-controlled MEG study, Shaw *et al.* \[[@r70]\] revealed increased amplitudes of movement-related gamma synchrony and ipsilateral movement-related beta desynchrony elicited by ketamine within the motor cortex. In the visual cortex, an increase in induced gamma-band power was observed for a low contrast visual stimulation. For both contrast conditions, event-related desynchronization in the beta-band was significantly reduced after the administration of ketamine \[[@r70]\]. In line with this finding, there are further studies reporting a ketamine-induced increase of task-induced gamma activity: Hong *et al.* \[[@r71]\] examined ketamine effects in an auditory click-stimulus paradigm with a double-blind, placebo-controlled design. After a single click (S1) ketamine increased gamma but reduced delta power spectrum density (PSD) at central and frontal sites compared to placebo. Both changes were related to an increase of the withdrawal symptom factor of the BPRS \[[@r71]\].

To conclude, the MMN and P300 paradigms indicate very clear and consistent results. Studies focusing on P300 indicated uniform ketamine-induced reductions of the P3a and P3b amplitude, respectively. Ketamine likewise reduced the MMN amplitude, though not all results reached significance. Notably, components of the MMN correlated with negative and cognitive symptom severity induced by ketamine. These findings are in line with results of schizophrenia studies that have demonstrated reduced P300 and MMN amplitudes in patients \[[@r72]-[@r75]\]. Findings of disrupted prepulse inhibition are consistently reported in patients with schizophrenia and have been linked to deficient social perception as well as the severity of auditory hallucinations, in parallel with the results found in the ketamine model \[[@r76]\].

### 3.2.2. fMRI {#sec3.2.2}

Musso *et al.* \[[@r59]\] revealed decreased bold-responses in the visual cortex, the ACC and the temporoparietal cortex under ketamine during the performance of a visual oddball task. The authors suggest that the distinct activation pattern resembles that of patients with schizophrenia, possibly qualifying the ketamine-induced state as a schizophrenia model \[[@r59]\].

In a recent study, Steffens *et al.* \[[@r77]\] investigated the influence of ketamine in a smooth-pursuit eye movement (SPEM) task. bold responses found in the placebo condition (primary visual cortex, frontal eye field, motion processing areas, superior parietal lobule and bilateral thalamus) were diminished during ketamine administration within visual and motion-related areas. The authors discuss their findings in light of the notion that dysfunctional connectivity in a frontal-thalamic-cerebellar network causes a deficit in SPEM in schizophrenia patients. The reported results further underline the importance of glutamatergic neurotransmission in smooth-pursuit performance since early visual processing deficits are discussed as underlying causes of many different cognitive deficits in NMDA models of schizophrenia \[[@r77]\].

Using a reward-anticipation task, Francois *et al.* demonstrated a reduction of activity of the nucleus accumbens (NAc) under the influence of ketamine compared to placebo \[[@r78]\].

Driesen *et al.* \[[@r79]\] assessed the effects of ketamine on brain activation and functional connectivity in a WM task. During the encoding and maintenance period of the paradigm, ketamine reduced the activity of the bilateral DLPFC. The connectivity between the DLPFC and different brain areas known to be related to WM processes, such as medial and inferior frontal regions, was reduced in the ketamine compared to the placebo condition. Furthermore, moderate negative correlations between WM performance and connectivity changes within DLPFC networks were reported. The authors discuss their findings with respect to evidence showing that NMDAR stimulation is crucially involved in the recurrent excitation of pyramidal cells in the DLPFC. The authors argue that blocking NMDAR most likely led to a dysfunction of the whole WM network \[[@r79]\].

Another placebo-controlled ketamine WM work has been published by Anticevic *et al.* \[[@r80]\]. During the first set of experiments, regions with either task-based activation or deactivation were identified to second test ketamine-induced changes to these identified regions. During the encoding and delay phase of the WM task, ketamine in comparison to placebo diminished the activity of several WM-related brain regions, whereas activity in regions of the DMN was increased. Activation in DMN regions is typically suppressed during demanding cognitive tasks. In a computational model including these data the inhibition of GABA interneurons by ketamine appeared to account for diminished task-based activation as well as missing DMN deactivation. Local microcircuits seemed to play the dominant role in this model function. Further task-based functional connectivity was assessed in a seed-based analysis focusing on the frontoparietal network and the DMN. A modulation of connectivity between these networks was found during the WM delay phase. Notably, a negative correlation between ketamine-induced schizophrenia-like negative symptoms and the DMN suppression was demonstrated in this work \[[@r80]\]. Honey *et al.* studied ketamine-induced alterations of brain activation during a verbal WM as well as a continuous performance and sentence completion task in a placebo-controlled investigation \[[@r81]\]. In the verbal WM task ketamine elicited increased activation in the basal ganglia and the thalamus compared to placebo. The degree of activation of the left thalamus and bilateral foci within the prefrontal cortex in the placebo condition was associated with increased ketamine-induced negative symptoms. The continuous performance task revealed a correlation between ketamine-induced negative symptoms and increased task-related activation in the bilateral inferior frontal gyri and the right middle frontal gyrus in the placebo condition. A comparable association was found in the sentence completion task: activation in the left middle and superior temporal gyri as well as left inferior frontal gyrus in the placebo condition was positively correlated with an increased severity of ketamine-induced thought disorders. Furthermore, the degree of activation in the left middle temporal, anterior cingulate and right inferior frontal gyri in a verbal self-monitoring task in the placebo condition was correlated with the occurrence of ketamine-induced auditory illusions. The activation patterns reported in this study are comparable to results from schizophrenia studies and linked to changes in perception resembling schizophrenia symptoms. Thus, the authors state, their results may provide a biomarker applicable to predict individual psychotic symptoms \[[@r81]\].

In a double-blind, placebo-controlled study Nagels *et al.* \[[@r82]\] investigated the ketamine effect in an overt word generation task. The pattern of activation in the fronto-temporal language network was found to be similar but enhanced under ketamine compared to placebo. This network encompasses the left superior temporal as well as the inferior parietal lobe. In the ketamine condition, conceptual disorganization as assessed by means of the PANSS was correlated with an increased bold response in the left temporo-parietal region, the right middle and inferior frontal region as well as the precuneus. Furthermore, the PANSS abstract thinking subscore was positively correlated with increased activations within the right anterior cingulate gyrus and the left superior frontal gyrus. Finally, a positive correlation between the bold response in the left superior temporal gyrus and the lack of spontaneity and flow of conversation subscore was demonstrated \[[@r82]\]. Nagels *et al.* \[[@r83]\] also examined ketamine-induced changes in brain activation during a continuous overt verbal fluency (VF) task (lexical, phonologic, and semantic) in a counterbalanced, double-blind, placebo-controlled setting. Under placebo, task-specific activations were found within the left inferior frontal gyrus, the left middle and superior temporal gyrus, the left occipital lobe as well as the bilateral motor cortex and the cerebellum. Ketamine administration led to a slightly attenuated activation pattern. On the other hand, an increased activation was observed in frontal and supramarginal cortical regions during lexical and phonologic but not semantic VF \[[@r83]\]. The authors discuss the strong increase of involvement of the frontal regions under the influence of ketamine as a possible compensatory mechanism referred to as hyperfrontality, which is also known to be present in schizophrenia patients \[[@r82], [@r83]\]. The compensation strategy hypothesis is further supported by the fact, that the most challenging task (semantic VF) did not reveal an increase of frontal activation, which might be the reason for the ketamine-induced impairment in performance \[[@r83]\].

Stone *et al.* \[[@r84]\] examined ketamine-induced changes in a randomized, double-blind, placebo-controlled verbal self-monitoring investigation. Participants were asked to read adjectives aloud and received an immediate verbal feedback either by their own voice or by another voice. Both voices were presented either unchanged or distorted (lowered in pitch). In the ketamine condition, the bold response within the left superior temporal gyrus was reduced during the self-distorted speech. Misidentifying the feedback as the alien was associated with a reduced activation in the retrosplenial cortex. A lowered bold response in the PCC was found during correctly identified trials. Furthermore, correct attribution of self-distorted feedback was associated with increased activation in the bilateral temporal cortices and in the left ventrolateral cortex. The authors reported findings of increased lateral temporal activation to be associated with the external misattribution of self-distorted speech resembling findings in acutely psychotic patients with schizophrenia \[[@r85]\]. The ketamine-induced reduced activation within the left superior temporal gyrus during self-distorted trials is interpreted by the authors as an impaired response to unexpected stimuli. In light of these results, the authors suggest that impaired verbal self-monitoring underlies acute hallucinations and delusions in patients with schizophrenia, possibly resulting from a disrupted glutamatergic neurotransmission at NMDARs \[[@r84]\].

Becker *et al.* \[[@r86]\] investigated ketamine effects on the encoding of negative, neutral and positive images in a randomized, double-blind, placebo-controlled study. Regardless of the emotional content of stimuli ketamine decreased the activation of the right para-hippocampal gyrus and the mPFC during encoding. Differential deactivations with respect to the emotional content are reported for the left amygdala, the right orbifrontal cortex and the right parahippocampal region. In particular, ketamine increased the activation of the left amygdala for negative stimuli. Further, activity in the left amygdala during encoding of positive stimuli was positively correlated with arousal ratings. Functional connectivity between left amygdala and the ipsilateral frontal orbital cortex was reduced during encoding of negative stimuli. On the other hand, coupling between the left mPFC and right hippocampus was increased irrespective of the emotional content \[[@r86]\]. Scheidegger *et al.* \[[@r87]\] investigated ketamine effects under emotional stimulation compared to baseline. Ketamine decreased bold-responses in the amygdala-hippocampal complex. The degree of ketamine-induced psychedelic alterations of consciousness was positively correlated with the extent of this reduction. Counterintuitively, no changes in cortico-limbic resting-state functional connectivity in seed regions for the bilateral amygdala and hippocampus as well as the pregenual anterior cingulate cortex (pgACC) were found \[[@r87]\].

Daumann *et al.* \[[@r88]\] assessed the effects of ketamine in a randomized, double-blind, *placebo*-controlled study using a visual target detection task with visually or auditorily cued or uncued trials. The analysis of ketamine effects focused on brain regions showing a task-specific activation in the placebo condition. In the auditory modality, ketamine increased activation within the left insula and the left precentral gyrus. Since ketamine administration did not impair task performance, the authors speculate that the observed hyperactivation might be a compensatory mechanism \[[@r88]\].

In a second randomized, double-blind, placebo-controlled design Daumann \[[@r89]\] *et al.* examined the effects of ketamine compared to placebo in a spatial attention-orienting task. The task investigated the inhibition of return (IOR), a phenomenon thought to prevent subjects from redirecting attention to regions previously identified as insignificant. Ketamine infusion led to an increased activation in the right superior frontal gyrus, the left superior temporal gyrus and the right midfrontal gyrus in the IOR condition, whereas IOR was not blunted. Notably, findings of IOR in patients with schizophrenia are heterogenous and might point to differential mechanisms causing symptoms in schizophrenia \[[@r89]\].

Taken together, most studies observed ketamine-induced patterns of deactivation in task-relevant brain regions. The deactivations were accompanied by changes in functional connectivity of the respective brain regions. The reason might be a balance-shift of different brain networks such as the DMN, the executive network and the salience network. Notably, the activity and the functional connectivity within the DMN are reported to be aberrant also in patients with schizophrenia \[[@r90]\]. Schizophrenia patients demonstrate impairments in the activation or structural integrity of prefrontal regions, a phenomenon referred to as hypofrontality \[[@r91], [@r92]\].

3.3. Pharmacological Challenges {#sec3.3}
-------------------------------

Based on different considerations, several pharmacological agents were tested within the ketamine model in recent studies. For instance, nicotine has been used to investigate the smoking behavior of schizophrenia patients as an adaptive response to a deficit in glutamatergic neurotransmission \[[@r21], [@r93], [@r94]\]. Furthermore, the effects of different antipsychotics, *e.g*. haloperidol and risperidone \[[@r95]-[@r97]\], have been tested in the ketamine model of schizophrenia. Rimonabant, an antagonist of the CB1 cannabinoid receptor, was examined with respect to the hypothesized involvement of the endogenous cannabinoid system in schizophrenia-related cognitive deficits \[[@r98]\]. Other drugs such as N-acetylcysteine (NAC) \[[@r99]\] and lamotrigine \[[@r96], [@r97], [@r100]\] were investigated because of their effects on the glutamatergic system.

### 3.3.1. EEG and MEG {#sec3.3.1}

Knott *et al.* \[[@r93]\] investigated the effects of nicotine pretreatment on the RS EEG during infusion of sub-psychotomimetic ketamine doses (0,04mg/kg as bolus) in regular smokers and non-smokers in a double-blind, placebo-controlled study. Nicotine is a nicotinic acetylcholine receptor (nAchR) agonist. It is used to investigate, whether the smoking predisposition in schizophrenia patients is a form of self-treatment of cognitive deficits. Improvements in cognition have been reported after activation of nAchRs, which are crucially involved in attention, working and recognition memory and sensory processing. The authors reported reduced resting-state power of fast (beta) and slow (delta, theta) oscillations under ketamine. Delta wave power reductions were evident only for non-smokers, suggesting an interaction between long-term nicotine abuse and glutamatergic neurotransmission. On the other hand, acute nicotine application did not affect the ketamine-induced reduction of delta-wave power in non-smokers \[[@r93]\]. In a second double-blind, placebo-controlled study Knott *et al.* \[[@r94]\] investigated nicotine effects on the P300 ERP in a visual information processing task during administration of a sub-psychotomimetic ketamine dose. Non-smokers showed a reduction of the P300 amplitude under the influence of ketamine. A time-dependent potentiation of this ketamine effect was observed for non-smokers after consumption of nicotine-gum. The application of ketamine did not affect P300 latency \[[@r94]\]. A ketamine-induced latency delay and amplitude decrease for novel (P3a) and target stimuli (P3b) compared to placebo was revealed by Mathalon *et al.* \[[@r21]\] in a double-blind, placebo-controlled investigation. These effects were most prominent for central electrode sites; intravenous nicotine pretreatment did not affect these ketamine-induced changes (Fig. **[2](#F2){ref-type="fig"}**). In contrast to prior findings, this study did not find significant ketamine-induced alterations of the MMN amplitude (duration deviants). Counterintuitively, a shortened MMN latency was reported. The isolated application of nicotine led to a trend level reduction of the MMN amplitude \[[@r21]\]. Discordant with the hypotheses applied in the reported nicotine studies, nicotine did not abate ketamine-induced cognitive or neurophysiological impairments. According to the authors the doses of nicotine might not have been sufficient to overcome the impairments induced by ketamine. It is further suggested by the authors that nicotine leads to excessive prefrontal glutamate release further amplifying the aberrant non-NMDAR glutamatergic neurotransmissions, which are thought to negatively affect cortical attention networks. Moreover, the findings with chronic nicotine exposure (smoker status) are interpreted as a long-term alteration of glutamatergic neurotransmission promoting nicotine dependence.

Oranje *et al.* \[[@r95]\] investigated the effects of haloperidol pretreatment on ketamine-induced alterations of the P300 amplitude and processing negativity in a double-blind, placebo-controlled study. They hypothesized that changes of these neurophysiological markers could be due to ketamine acting as a direct agonist on dopaminergic D~2~-receptors. Haloperidol is a potent antagonist of D~2~-receptors and could disrupt this effect. The authors report a reduction of the P300 amplitude and of the processing negativity during application of ketamine in an auditory selective-attention paradigm. Pretreatment with Haloperidol, a 1^st^ generation antipsychotic, averted the latter effect, but not the reduction of the P300 amplitude. The results point to an involvement of dopaminergic D~2~-antagonism in the ketamine-induced reduction of processing negativity, while the reduction of the P300 amplitude is promoted by NMDAR antagonism \[[@r95]\].

The effects of Rimonabant on ketamine-induced MMN deficits were assessed in a randomized, placebo-controlled study by Roser *et al.* \[[@r98]\]. The endogenous cannabinoid system is assumed to be involved in the emergence of cognitive impairments in schizophrenia. Agonists of the CB~1~-receptor, which is located at high density on the presynaptic sites of glutamatergic neurons, have been found to induce cognitive impairments in healthy subjects. Rimonabant acts as a potent antagonist of the cannabinoid CB1-receptor. Thus, Roser *et al.* hypothesized, that it is able to reverse the ketamine-induced reduction of the MMN amplitude. Counterintuitively, in this study ketamine did not significantly reduce the MMN amplitude, either for frequency or for duration deviants, but the MMN latency was delayed for frequency deviants in the ketamine condition. The additional application of rimonabant did not affect the MMN latency but reduced the MMN amplitude, at odds with the hypothesis for both types of deviants. The authors speculate, that the modulation of CB~1~-receptors through Rimonabant enhances glutamatergic neurotransmission by means of limiting the effect of the endogenous CB~1~-receptor-ligand 2-arachidonoylglycerol (2-AG), which acts as a retrograde inhibitory neurotransmitter at glutamatergic synapses \[[@r98]\].

The impact of NAC, an inducer of the cysteine-glutamate exchanger, on ketamine effects was investigated by Gunduz-Bruce *et al.* \[[@r99]\] in a single-blind, placebo-controlled study. The authors assumed that the induction of the cysteine-glutamate exchanger abates ketamine-related neurophysiological impairments by enhancing the non-vesicular glutamate release from glial cells. As expected, ketamine reduced the MMN and the P300 amplitudes. Ketamine only affected MMN amplitudes induced by intensity and frequency deviants while MMN amplitudes elicited by duration deviants were not affected. The reduction of the P300 amplitude affected P3a and P3b components similarly. NAC alone caused reductions of the frequency deviant MMN amplitude, as well as an increase of the P300 amplitude, while NAC pretreatment did not attenuate ketamine-induced ERP effects despite a significant NAC ketamine interaction. The results of a ketamine-induced MMN amplitude reduction for frequency and intensity deviants, but not for duration deviants, point to the involvement of different underlying generators. Furthermore, the missing effect of the NAC pretreatment on ketamine-related neurophysiological changes is suggested to depend on the local density and distribution of the cysteine-glutamate exchanger. This hypothesis is supported by the finding that the generation of the P300 was enhanced, whereas the MMN-generation was disabled \[[@r99]\].

In summary, most ketamine-related findings reported in these studies match the observed task-specific ketamine effects in studies without further pharmacological intervention. However, the MMN amplitude was largely unaffected by the administration of ketamine. This might be a reason for the finding that no effects of the application of nicotine, antipsychotics or NAC prior to the ketamine challenge on the MMN amplitude have been observed so far. Regarding the P300 ERP component, results after the isolated application of ketamine are in line with previous studies. However, neither nicotine nor haloperidol has been reported to reverse these ketamine effects.

In patients with schizophrenia, nicotine increased the MMN amplitude elicited by duration deviants in smokers \[[@r101]\], whereas no effect on the MMN amplitude but a shortened latency for frequency deviants was observed in non-smoking patients \[[@r102], [@r103]\]. NAC, on the other hand, tended to increase MMN amplitude in schizophrenia patients without reaching significance \[[@r104]\]. Interestingly, one study demonstrated normalization of the P300 amplitude as well as latency for schizophrenia patients after haloperidol treatment \[[@r105]\]. Regarding antipsychotic medication in general, contradictory results were found for effects on the P300 ERP, despite clinical improvement \[[@r73], [@r106]\].

### 3.3.2. fMRI {#sec3.3.2}

Doyle *et al.* \[[@r96]\] examined effects of risperidone, a second-generation antipsychotic drug, and lamotrigine, an antiepileptic that attenuates glutamate release, on RS bold changes after ketamine administration in a randomized, double-blind, placebo-controlled design. Both pharmacological agents are hypothesized to attenuate the increased glutamate concentration in the synaptic cleft following acute ketamine application - in the case of risperidone by antagonizing serotonin 5-HT~2A~-receptors, which are crucially involved in stimulating glutamate release in pyramidal cells, and in the case of lamotrigine by prolonging the refractory phase of over-reactive glutamatergic neurons by blocking voltage-dependent sodium-channels, which stabilizes the membrane potential. In line with previous findings, ketamine increased the resting state activity in widespread brain regions including the ACC, posterior cingulate cortex, MPC, right DLPFC and ventrolateral prefrontal cortex (vlPFC), bilateral parahippocampal gyrus and insula, MCC as well as the striatum. Decreased activity was observed within the sgACC and the vmPFC. Pretreatment with risperidone led to an attenuation of ketamine-induced resting state network changes (increases and decreases of activity), whereas lamotrigine only diminished the ketamine-induced increase of resting state activity. According to the authors their findings indicate, that the ketamine effects were successfully antagonized by risperidone as well as lamotrigine \[[@r96]\].

In a double-blind, placebo-controlled RS study Joules *et al.* \[[@r97]\] examined the impact of risperidone and lamotrigine on functional connectivity under ketamine. Functional connectivity was assessed by means of degree centrality (DC). The authors hypothesized that only risperidone affects ketamine-induced connectivity changes if these ketamine effects were solely based on direct NMDAR antagonism. The authors suggested the same underlying mechanisms of both pharmacological agents as assumed by Doyle *et al.* \[[@r96]\]. Ketamine altered DC and shifted the pattern from cortically to subcortically centered connections. Pretreatment with risperidone led to significantly different connectivity patterns after ketamine application, which was distinct to both, the placebo and the ketamine condition. An increased DC was revealed in frontal and temporal sites, whereas a decreased DC was found in the occipital and parietal cortices and the basal ganglia, counteracting the ketamine effects. Lamotrigine pretreatment, on the other hand, exerted no effect on ketamine-induced DC patterns, but attenuated signal amplitudes. According to the authors, these results point to an NMDAR-blockade rather than downstream glutamatergic signaling at non-NMDA receptors as the major mechanism underlying ketamine-induced connectivity changes \[[@r97]\].

In another counterbalanced, double-blind, placebo-controlled RS study by Deakin *et al.* \[[@r100]\] ketamine evoked increased bold response in several brain regions compared to placebo. These regions included the precuneus, mid posterior cingulate gyrus, motor cortex, superior frontal gyrus, superior and inferior temporal gyrus as well as hippocampus. The authors report a positive correlation between activation in the frontal pole (most strongly), the parahippocampal gyrus and the posterior cingulate with psychotic symptoms, whereas only activation in the posterior cingulate correlated positively with dissociative symptoms. Ketamine-induced reductions in bold response were observed in the bilateral medial orbifrontal cortex (OFC) and subgenual cingulate cortex as well as the temporal pole. Activation within these regions correlated negatively with dissociative symptoms. The authors further report a negative correlation between ketamine-induced psychosis symptoms and activity within the OFC. In the second set of experiments, the effects of lamotrigine pretreatment were tested and found to attenuate the ketamine-induced bold changes as well as psychosis and dissociative symptoms. On the other hand, the authors report unchanged euphoria rating despite lamotrigine-pretreatment. The authors suggest that these results point to an aberrant non-NMDA neurotransmission as the underlying mechanism of bold-changes and schizophrenia-like symptoms in the ketamine model of schizophrenia. The results on euphoria ratings suggest the blockade of NMDAR as a crucial mechanism \[[@r100]\].

The observed ketamine effects in these studies are in line with the results of the reviewed studies that did not include pharmacological interventions. Pretreatment with risperidone tended to attenuate ketamine-induced alterations in the respective studies. In fMRI studies with schizophrenia patients, short-term treatment with risperidone led to inconsistent results \[[@r107], [@r108]\]. Lamotrigine likewise reduced bold-changes in the ketamine model, whereas functional connectivity was not affected. However, its effect on schizophrenia patients has not been assessed in a fMRI study to date.

CONCLUSION
==========

With regard to electrophysiological studies, the current review suggests that ketamine-induced changes of ERPs, such as the P300 potential and the MMN, could serve as biomarkers in a schizophrenia model because similar changes have been observed in schizophrenia patients. Further research is needed to substantiate the applicability of these results. With respect to the MMN, paradigms focusing on frequency deviants yielded the most consistent results and might be implemented as a standard in future research. With respect to the reduction of MMN amplitudes, ketamine-induced symptoms resembling chronic schizophrenia \[[@r109]\]. This is further substantiated by findings in individuals at high risk of developing schizophrenia \[[@r110]\] and first-episode patients \[[@r111]\] showing deficits in the generation of the MMN due to duration, but not frequency deviants.

Most pharmacological treatments did not alter ketamine-induced changes in EEG. It might be speculated, that the lack of effect of the tested substances is due to their lack of impact on negative symptoms. This underscores the need to examine multiple pharmacological agents within the ketamine model of schizophrenia. Second-generation antipsychotics and drugs that affect glutamatergic neurotransmission, *e.g*. bitopertin and glycine, should especially be considered in this context.

In fMRI studies, alterations of activation were observed in different brain regions, most prominently within the ACC and limbic structures as well as task-relevant brain regions. These alterations were accompanied by changes in functional connectivity, indicating a balance shift of the underlying brain networks. Further evidence regarding the link between these results and ketamine-induced symptoms is necessary in order to demonstrate their applicability as schizophrenia biomarkers. Nevertheless, in light of ketamine's mode of action, the results of pretreatment with risperidone and lamotrigine demonstrated the possible use of ketamine as a schizophrenia model applicable for the investigation of the effects of schizophrenia treatment candidate pharmacological agents in fMRI studies.

With respect to this review, small sample sizes and methodological differences place some limits on the informative value of the included studies. Furthermore, it has to be taken into account, that including only PubMed/Medline and Web of Science listed papers might reduce the explanatory power of the review.

The ketamine model itself, despite offering strong explanatory value, has several shortcomings. Most prominently, ketamine's mode of action is not restricted to NMDAR but involves various neurotransmitter systems such as the dopamine (partial D~2~-receptor agonism) and the serotonin (5-HT~2A~-receptor agonism) systems, most possibly influencing EEG/MEG and fMRI signaling. Mutually influencing effects on synaptic neurotransmission between the tested pharmacological agents and ketamine, due to ketamine's rich pharmacodynamics, might have further modulated the observed effects. In addition, there is a need for the integration of the ketamine model with alternative pharmacological models of schizophrenia, such as the Δ-9-tetrahydrocannabinol-model \[[@r20]\].

This review highlights the applicability of the ketamine model in schizophrenia drug development. However, further research is needed to establish the transferability of the results of ketamine studies and to link the normalization of ketamine-induced changes of schizophrenia biomarkers achieved by treatment with schizophrenia treatment candidate drugs with the improvement of ketamine-induced schizophrenia-like symptoms. Notably, the ketamine model could offer the possibility to test functional target engagement of various pharmacological agents relatively rapidly and help improve our understanding of glutamatergic neurotransmission. Therefore, it could facilitate the development of urgently needed agents to improve negative and cognitive symptoms.
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![Event-related brain potential grand average waveforms (left) and corresponding topographic maps (right) are shown for placebo (black), ketamine alone (red), nicotine alone (blue), and ketamine + nicotine (magenta) days. ERPs, overlaid for each test day, are shown to oddball targets at Pz (top row), to oddball novels at Cz (middle row), and to difference waveforms (deviants-standards) at Cz. The oddball target elicited a P3b, the oddball novel elicited a P3a, and the deviant elicited an MMN, with each peak denoted by an arrow on the ERP waveforms. Amplitude (in microvolts) is on the *y*-axis, and latency (in milliseconds) is on the *x*-axis. Stimulus onset is at 0 ms. Negativity is plotted down. Scalp topography maps are shown for each test day for each stimulus, at the peak latency for P3b (top), P3a (middle), and MMN (bottom). Hot colors indicate positive voltage; cool colors indicate negative voltage \[[@r21]\].](CPB-19-293_F2){#F2}
